AD-AO44 618 BATTELLE COLUMBUS LABS OHIO F/6 13/8 N
A PLASMA FLAME SPRAY HANDBOOK.(U)
MAR 77 T J ROSEBERRY: F W BOULGER N00197=73=C=4030

UNCLASSIFIED NAVSEA=MT=043 NL




ILIORT WO T Al

: 5 AR 13T
=7 L D AC 4
b = “_ASMA
e -: ' - 4--.-’- . N | /’4 \ ﬁ_"ﬁ,ﬁ‘ A};
o --.'-‘"-a'i.l: NTC =t . \)./':\./‘VK
—

¥ PRROIETTT QF THE =t
A UFSCTHRING BEIHNCLIEY ORCERA
Ves aL pes TUOSTTEAAS TITMIASND

L Vs el TRONAWNCE STATICN
— COUSWILLE, KENTUCKY 4024
Sromm
 —
e

APPRCVED FOR PUBLIC RELEASE
NETRIBUTICN UNLIMITED




"The citation of trade names and names of manufacturers in this
report is not to be construed as official government endorsement
or approval of commercial products or services referenced herein".




.

REPORT NO. MT-043
MARCH 1977

A PLASMA

FLAME SPRAY HANDBOOK

A PROJECT OF THE
MANUFACTURING TECHNOLOGY PROGRAM
NAVAL SEA SYSTEMS COMMAND

FINAL REPORT

NAVAL ORDNANCE STATION
LOUISVILLE, KENTUCKY 40214

APPROVED FOR PUBLIC RELEASE
DISTRIBUTION UNLIMITED




ABSTRACT

The Plasma Spraylng process 1s a versatile fabrication
technique used to apply a wide range of coatings on various work-
piece materials. Coatings are applied to restore or attain de-
sired dimensions, to provide electrical or thermal shielding (or
conduction), or to improve the resistance to abrasion, corrosion,
or high temperatures. Success in meeting intended goals by Plasma
Spraying depends on selecting an appropriate coating material and
using cleaning and spraying techniques suitable for the materials
involved. This report provides useful, up-to-date information
about Plasma Spraying both metallic and nonmetallic coatings on
steel and bronze. It discusses the principles and details the
procedures suitable for producing high-quality coatings destined
for severe service applications of interest to the U.S. Navy.

This handbook should be considered a guide, not a bible,
for planners, designers, and production personnel responsible for
choosing, applying, and evaluating plasma-arc sprayed coatings.
Limitations on space and reliable information, and the variety of
types and applications of coatings, prevented covering some as-
pects of plasma spraying in detail. For such reasons, differ-
ences in the types of plasma-spray systems used successfully,
limiting coating thickness, and effects of specific part geome-
tries are not covered comprehensively. Most of the information
in the handbook 1is directed to engineers overseeing and develop-
ing expertise in plasma-arc spraying.

The handbook is based on experience, published informa-
tion, and experimental data generated on this program. The ex-
perimental work was conducted with seven types of coatings
deposited on the following types of workpiece materials:

Aluminum Low-carbon steel
Aluminum bronze 316 stainless steel
K-Monel
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SECTION I
e INTRODUCTION
1L THERMAL SPRAY PROCESSES

In a thermal-spray process, a material, in the form of
wire, rod, or powder, is heated to a molten or semimolten condition,
atomized, propelled, and deposited on a workpiece or substrate.

In most spraying processes, the material to be deposited is carried
to the desired location by a stream of compressed air or inert gas.
Thermal spraying technigues of various tyves are useful for apply-
ing a wide variety of materials on various metallic and nonmetallic
substrates. Most metals, oxides, refractory compounds or cermets,
and even some organic plastics, can be sprayed by using appropriate
techniques and equipment. Although spray processes can be used to
build up free-standing objects on fugitive or disposable substrates,
this report deals only with coating applications.

Coatings are of interest to the Naval Ordnance Station
because they can be used to improve the service performance of many
types of components. Coatings can be applied to restore or attain
desired dimensions, to provide electrical or thermal shielding (or
conduction), or to improve the resistance to abrasion, corrosion,
or high temperatures. This report concentrates on Plasma-Arc Spray-
ing because it is a versatile technique well suited to producing
coated components destined for severe service applications. Almost
any material can bhe plasma sprayed. Because the operating tempera-
tures are so high, the process is especially cppropriate for apply-
ing coatings of refractory materiels such as intermetallic compounds
and ceramics. It is expected, however, that the most common Naval
Ordnance applications will be for restoring dimensions and applying
wear-resistant coatings. The information on Plasma-Arc Spraying
was obtained from publications, experience, and experiments con-
ducted on this program. The substrates used in the experiments
included low alloy steel, stainless steel (Type 316) and 6061-T1
aluminum. The information is expvected to be of interest to de-
signers in choosing coatings and useful for planning and production
personnel responsible for applying and evaluating coatings on speci-
mens and end items.

This handbook emphasizes the vrecautions to be taken in
plasma-spray processes in order to obtain high-guality coatings.
The basic factors determining the quality of a coating applied by
any of the common thermal spray processes are

(1) The temperature of the material in the spray,

(2) The velocity of the material in the spray when
it impinges on the substrate, and




(3) The severity of oxidation of the sprayed mate-
rial and of the substrate during heating,
spraying, and cooling.

Figure 1 shows deformed particles resulting from direct-
ing a well-heated spray onto a substrate at a suitably high velo-
city. The resultant coating as shown in Figure 2 displays a high
theoretical density, a characteristic favoring very strong particle-
to-particle coherence.

A combination of low particle velocity and minimal
particle heating results in less particle deformation upon impact
and consequently low particle-to-particle coherence and in voids
between adjacent particles.

It follows that oxidized spray material particles will
not cohere nearly as well as a clean unoxidized material.

There are seven commonly used thermal-spray processes
that utilize two basic forms of enercy for melting materials to be
sprayed. These energy forms are gas combustion and electric arc.

Gas Combustion Heating

(1) Powder Flame Spray
(2) Viire Flame Sprav
(3) Rod Flame Spray
(4) Detonation Spray

Electric Arc Heating

(1) Plasma-Arc Spray
(2) Electric-Arc Spray

(3) Transferred-Arc Deposition

The maximum working temperature attainable differs among
thermal spray methods. Furthermore, the typical particle velo-
cities of the different methods vary in a threefold range. Both
factors affect the suitability of gas-combustion and arc-heating
methods for specific applications. Table I lists typical particle
velocities and maximum working temperatures for the princival ther-
mal spray methods.

Oxidation of spray particles is undesirable in the case
of many metallic materials. For that reason, rapid heating and
high particle velocities are desirable. Both characteristics are
typical of electric-arc heating and the detonation spray processes.




FIGURE 1. DEFORMATION OF MOLTEN OR SEMIMOLTEN PARTICLES
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TABLE I. TYPICAL PARTICLE VELOCITIES AND MAXIMUM WORKING
TEMPERATURES IN THERMAL SPRAY PROCESSES

Particle Working
Velocity, Temperature,
fos F

Gas Combustion Heating
Powder Flame Spray 80-120 4600-4800
Wire Flame Spray

Ceramic Rod Flame Spray B00 ilam 00
Detonation Spray 2400 6000+
Electric Arc Heating

Electric Arc Spray 800 10,000-12,000
Plasma Spray 1600 20,000+
Transferred Arc 1600 20,000+

Il Gas Combustion Heating

The only industriallyv common type of gas combustion pro-
cess used for thermal spraying utilizes oxygen and acetylene to
provide heat to the material to be deposited. The compressed
gases are ordinarily supplied to the torch from storage tanks or
cylinders. Acetylene (C,H,) burns to provide a hot flame and an
atmosphere suitable fcr welding and spraying applications. Oxygen
is supplied to support combustion. Ordinarily about 60.percent of
the total oxygen comes from pressurized storage and the rest from
the air surrounding the flame. The ratio of acetylene and oxygen
at the tip of the torch controls the temperature and atmosphere
in the flame.

A low ratio of oxygen to acetylene produces a comparatively
low flame temperature and a carburizing atmosphere. Conditions of
that type are used for soldering and silver brazing. Combustion
of an equal ratio of gases produces a flame temperature near 5400 F
and a reducing atmosphere sometimes used for melting and welding
low-alloy steel. A slightly higher ratio of oxygen to acetylene,
around 1.1, produces a neutral flame and slightly higher tempera-
tures, around 5500 F, better suited to processing steel. Flame
temperatures up to 6000 F and oxidizing atmospheres result from
increasing the oxygen/acetylene ratio up to 1.75. That ratio can
be used for welding copper and its alloys, but produces oxide slags.
Oxidizing gas-combustion flames are unsuitable for welding steel
or for thermal-spraying materials other than oxides.

Flames produced by the combustion of propane, natural gas,
or hydrogen, with oxygen, are seldom uysed for thermal spray processes.




Even under highly oxidizing conditions, flame temperatures are too
low, around 5000 F.

1.1.1.1 Powder Flame Spray

Torches for powder flame spraying have provisions for
adding powder to the gas stream. The powder, carried by a stream
of compressed air, is injected in the flame before it leaves the
torch. The flow of powder is started, by operating a lever on the
handle of the torch, and the material is carried by the compressed
gases through the tip of the torch where the particles are heated
by the flame. In wost cases compressed air is used to carry the
powder. The presence of powder and the propelling air stream
lowers the working temperature of oxvacetylene flame sprays to
approximately 4600 to 4800 F.

Deposition rates for oxyacetylene flame spraying are
relatively high, compared to plasma-spray methods. This gas-combus-
tion heating method is best suited to depositing thin coatings, on
the order of 0.02 in. in thickness. The process is widely used
for hard facing steel and cast iron components. The equipment for
oxyacetylene flame spraying is relatively inexpensive, on the order
of $1000 for a manually operated unit.

The major shortcomings of the powder flame method result
from the high proportion of heat transferred into the substrate or
workpiece during spraying. The marginal available working tempera-
tures and minimal velocities necessitate that the flame impinge on
the substrate. This is most undesirable because it promotes oxi-
dation of both substrate and coating and requires the utmost care
to avoid cracking and/or spalling of the coating.

As a consequence of these conditions inherent in the flame
powder-spray process, coatings produced by this process exhibit a
bond, density, and overall strength that i1s inferior to coatings
produced by other thermal-sprav techniques. 1In view of the criti-
cal nature of performance reguired from Naval Ordnance hardware,
it is recommended that flame powder sprayed coatings be restricted
to dimensional restoration applications where wear or spalling
would not result in malfunction.

1.1.1.2 Fused Powder Flame Spray

This term is used to denote a variation of the conventional
flame spray practices. Certain alloys can be applied with a flame
powder spray device and subsequently fused to the substrate. The
treatment produces a very dense, cast structure with a metal-
lurgical bond to the substrate. These alloys are available as
either nickel- or cobalt-base materials in hardnesses ranging from
Rc 20 to Rc 61. 1In all cases, the fusible alloys contain approxi-
mately 3 percent of boron, which acts as a flux to minimize oxida-
tion of either the spray alloy or substrate during the fusion
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treatment. Fusing may be accomplished by either torch heating,
induction heating, or in furnaces with a vacuum or dry hydrogen
atmosphere. The fusion temperature ranges from 1865 F to 2080 F,
depending upon the type of alloy used. Care is needed in fusing
to avoid distortion and contamination of coated components.

1.1.1.3 Wire Flame Spray

This thermal-spray process utilizes an oxyacetylene flame
as a heat source and spray material in wire form. Figure 3 shows
the components of a wire-spray facility and Figure 4 shows the
cross section of a typical wire flame-spray device.

In the process, the spray material in wire form is pulled
or drawn into the spray device by drive rolls that are powered by
an air turbine or in some cases by an electric motor. In both
cases the rate of wire feed is adjustable.

The wire is pushed into the spray nozzle where it is
melted by the oxvacetylene flame. A stream of compressed air
impinges on the molten tip of the wire, atomizing the molten
material and propelling some to the substrate.

In the wire flame-spray process, the oxyacetylene flame
is restricted to a considerably smaller diameter than in powder
flame spray, which results in more effective utilization of the
energy (heat) produced by the oxyacetylene flame. Consequently,
higher spray rates and, in most cases, coating of superior quality
may be obtained by use of the wire flame-spray process than are
possible with the powder flame-spray technique. Comparative spray
rates, deposit efficiencies, and coating densities are not avail-
able; the wire version is more common, especially for coatings
thicker than 0.03 in.

1.1.1.4 Rod Flame Spray

In concept, this thermal-spray process is virtually iden-
tical to the wire flame-spray technique; the basic difference is
that the spray material is in rod form. Figure 4 shows the arrange-
ment used for feeding a rod into the flame. Some hard facing and
other metallic materials are too brittle to be formed into wire.
Such materials are fed into the torch as cast rods or sometimes as

tubes filled with appropriate powders.

The rod spray process is specifically designed for the
deposition of oxide coatings. For the most part, the ceramic rod-
spray process has been replaced by powder flame-spray and plasma-
spray techniques because of monetary and technical considerations.
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1.1.1.5 Detonation Spray

Note: It is believed that Union Carbide Corporation is the
principal user and considers proprietary many of the
details of the process and equipment for detonation
spraying.

The detonation gun or spray process utilizes the heat and
velocity of shock waves created by exploding metered amounts of
oxygen and acetylene in a device similar to the breech of a gun.
The design and operation of the detonation gun has been described
in technical and patent literature. (2,3)

The operation of a detonation spray gun can be described
by reference to Figure 5. That schematic shows that the powder to
be melted and sprayed is injected into the chamber where the con-
trolled detonation takes place. The following sequence of opera-
tions takes place:

(1) Injection of oxygen, acetylene, and powder
simultaneously;
(2) Ignition and detonation of the oxyacetylene

mixture by a spark plug;

(3) Purging the chamber with nitrogen, to pre-
vent premature ignition of the next charge.

This sequence is repeated at a rate of eight cycles per second and
is continuous until the required coating thickness has been
achieved.

The spray material is heated to a molten or semimolten
state as a result of being transported down the barrel of the
detonation device at sonic or supersonic speeds. It is estimated
that temperatures in excess of 6000 F can be generated in this
manner.

The molten or semimolten particles of spray material in-
pinge on the substrate at a velocity of approximately 2400 fps,
producing a bond that may be classified as metallurgical.

The characteristically high operating temperatures and
particle velocities of the detonation spray method, indicated in
Table I, result in unusually high quality coatings. The higher
kinetic energy of the spray particles causes more deformation on
impact. The thinner particles develop a finer structure and better
particle interlocking. The coatings have higher densities and
stronger bonds to the substrate. Table II presents data support-
ing that view.

The detonation process is primarily utilized for the
deposition of relatively thin (0.004-0.008 in.) wear or hard surface
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TABLE II. PROPERTIES OF COATINGS APPLIED BY DETONATION
SPRAY GUN AND PLASMA ARC METHODS (4)

Spray Method: Gun Plasma Gun Plasma
Coating Composition

Tungsten carbide, percent 85 88 - -
Cobalt, percent 15 1.2 = =
Al,03, minimum percent - - 99 99

Properties

Vickers hardness 1050 750 1100 825
Bond strength(@), 107 psi 212 10 10 7.5
Rupture modulus, 10° psi 100 55 20 20
Elastic modulus, 10° psi 31 22 14 5.7
Density, g/cm’ 13,2 12.5 3.4 3.38
Porosity (P), volume percent 1 2 2 3

(a) Values determined on steel or aluminum by ASTM method
C633-69.
(b) Porosity estimated from metallographic examinations.

coatings. Although the guality of a detonation coating is unsur-
passed, the cost is nearly twice that of its closest process com-
petitor (plasma spray). Because of economics, coating thicknesses
of approximately 0.010 inch are the normal limits. Due to these
monetary and technical consideration, the detonation coating pro-
cess should be considered only in the event other thermal-spray
processes prove to be inadecuate.

1.1.2 Electric Arc Heating

1.1.2.1 Plasma-Arc Spray

The plasma-arc spraying method is a modification of the
plasma-arc welding process. All electrical arcs ionize the gas in
the conducting channel separating the two electrodes and form a
plasma. The ionized form of matter known as plasma consists of
free electrons, electrically neutral atoms, and positive ions. The
plasma is heated by resistance to the current passing through it.
Compared to gas flames, plasmas have three important advantages for
heating particles to be sprayed. The plasma temperature is higher,
in excess of 20,000 F, it provides better heat transfer to other
objects, and a nonoxidizing atmosphere is easier to achieve.

Plasma-arc welding and spraying methods are refinements
of gas tungsten-arc welding processes. In gas tungsten-arc welding
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the arc is established between the tungsten electrode and the work;
the unconstricted arc transfers most of the heat needed for welding.
In plasma-arc processes the arc is established between the tungsten
electrode and the nozzle or orifice body of the torch (Figure 6). The
arc is constricted within the torch and the plasma delivers the heat
to the work. The constricted arc used for plasma-arc welding con-
fers several advantages over unconstricted arcs:

(1) The energy is more concentrated,

(2) Arc stability is better and dimensional control
is easier, and

(3) Plasma has a higher velocity and heat content.

The same advantages favor the plasma spray process over other
approaches.

The plasma-spray process is a well developed, reliable
thermal-spray process for the deposition of coatings. The inherent
versatility and easy control of the process permits the deposition
of a wide variety of spray materials including metals, carbides,
oxides, borides, nitrides, and silicides. With proper control, the
plasma-spray process is even capable of depositing organic plastics
and certain glasses. In general, it may be stated that any material
that does not decompose within 200 F of its melting point may be
plasma sprayed. Of course, precautions must be taken to prevent
the plasma from overheating and deagrading the properties of the
substrate.

The plasma-arc spraying process can be described by refer-
ence to the sketch in Figure 6. The working region of the spray
gun 1is watercooled and the orifice body 2, constituting the posi-
tive electrode, is made of copper. The nonconsumable electrode B,
made of tungsten or of tungsten alloyed with thoria or zirconia,
is the cathode. The copper anode (positive) also serves as the
spray nozzle. The plasma arc is produced by direct current supplied
with straight polarity from a constant-current power supply. Recti-
fiers having an open-circuit voltage of 80 to 160 volts and capable
of supplying 50 to 1000 amperes are usually suitable.

The gun also contains channels for supplying two streams
of gas. The stream of gas directed toward the tungsten electrode
forms the plasma arc and leaves through the spray nozzle. That gas
constricts the arc to form a stream of extremely hot plasma leaving
the gun at a high velocity. The sketch shows that the temperature
varies appreciably, from about 14,000 to 24,000 F, at different loca-
tions in the stream. The gas fed to form the arc-plasma must be
inert and is usually rich in argon. Helium can be used, but is
seldom the primary arc gas. Nitrogen is commonly used, but not
when nitrogen absorption can cause embrittlement of the coating
or substrate. Higher temperatures can be attained by adding 5 to
25 percent of hydrogen to the nitrogen or argon arc gas. Flow
rates for the arc gas used for plasma spraying ordinarily range
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from 80 to 100 cubic feet/hour (cfh). The second stream of gas,
usually argon, carries the powder particles to be sprayed. Typi-
cally, the flow rates of the carrier gas range from 15 to 30 cfh.

The plasma spray system includes two other devices not
shown in Figure 6. Since the plasma arc used for spraying is not
struck to the workpiece, some other method of initiating a pilot
arc between the two electrodes must be used. For high current
applications, the arc is usually initiated by superimposing a high
frequency current on the main direct current to the electrodes.
The high frequency current is provided by a separate power supply.
In some types of equipment the energy for initiating the arc is
supplied by a charged condenser.

Plasma spray systems also contain devices for adding con-
trolled and preselected amounts of powder to the carrier gas. The
feeders are calibrated and adjustable to provide powder at the
desired rates from approximately 1 to 20 pounds/hour.

The operations required for plasma spraying are:

(1) Start flow of cooling water

(2) Activate supply of direct current

(3) Start flow of plasma-forming arc gas
(4) Initiate an arc

(5) Start injection of powder-carrying gas

The controls of commercially avallable plasma spray systems are
interlocked so that spraying does not start until the first four
operations have been completed.

Plasma-arc powder spraying produces much higher quality
coatings than the common oxyacetylene processes and can be used for
a wider variety of materials. OXygen contamination is less of a
problem than it 1is in gas combustion processes. The plasma process
is only half as expensive and more widely used than the gas detona-
tion process. It produces coatings with densities and bond strengths
approaching those of the detonation process and is applicable to
thicker coatings. Plasma-sprayed coatings range from approximately
0.005 to 0.060 in. in total thickness depending on the application.
The coating efficiency, the ratio between the weight sprayed and
the weight deposited, ordinarily ranges from 30 to 80 percent.

With careful control, the metallurgical disturbance to the substrate
can be limited to about 0.005 in. The principal drawbacks of plasma-
arc spraying are related to the facts that the equipment is usually
not portable and that the process requires considerable skill and
knowledge.

Plasma torches are usually adjusted, and nozzles chosen,
to produce deposits with appropriate widths and a maximum thick-
ness of 0.005 in./pass. Deposition rates can be varied from 1 to
20 1b/hr, depending on the materials and the coating applications.
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In general, deposition rates used for metals, on a weight basis,
are twice those used for non metals. Because of the high arc tem-
peratures, the plasma torch is particularly well suited to spraying
oxides and refractory ceramics. Plasma-arc and gun detonation
methods are the only flame spraying methods considered acceptable
for aircraft components, with the possible exception of restoring
dimensions.

Table II shows that properly deposited plasma-sprayed
coatings exhibit usefully high bond strengths and reasonably high
values for elastic moduli and rupture moduli. Nevertheless, until
recently the properties attainable by plasma spraying were not quite
so good as those produced by the gun detonation process. However,
the gap in capabilities between detonation gun and plasma spraying
processes has narrowed. The nlasma spray equipment has been improved
so particle velocities are two or three times as high as those
typical of older devices. The new supersonic plasma guns produce
higher guality coatings and are especially desirable for spraying
ceramics. The improvements affect costs. Until recently, plasma
spray equipment cost on the order of $10,000, but the new higher-
velocity guns cost twice as much.

Plasma-arc spraying 1is ordinarily conducted in air. How-
ever, the powder-carrying gas mixes with the surrounding air and
increases the oxygen content of the stream and of some metallic
coating materials. The severity of oxidation of molybdenum during
spraying in air has been shown to increase linearly with the dis-
tance between the gun and the substrate. Coatings with little or
no oxygen contamination can be deposited in an enclosure with an
inert atmosphere or by using an inert stream of shielding gas.
Tucker quoted the data in Table IIIto illustrate the benefits of
the shielding technique. (5) Shrouding the spray with an inert gas
apparently prevented oxygen pickup by nickel, tungsten, and titanium
coatings and lowered the oxygen levels in the case of copper and
molybdenum deposits.

TABLE III. OXYGEN CONTENTS OF METALLIC COATINGS PLASMA-
SPRAYED IN AIR AND IN AN INERT-GAS SHIELD(5

Oxygen Content, percent

Conventional Gas-Shielded
Coating Material Powder : Coating =~~~ Coating
Copper 0.126 0,302 0.092
Nickel Gl 2 0.456 0 150
Tungsten 0. 027 0.274 0.030
Molybdenum 0.419 071 0.160
Titanium 0.655 2.0+ 0.730
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Table IVindicates that densities and strengths of aluminum,
stainless steel, and tungsten coatings were better for coatings
sprayed in an inert atmosphere than those for coatings sprayed in
air. Presumably the degradation in properties was caused by oxida-
tion during spraying.

TABLE IV. PROPERTIES OF PLASMA-ARC SPRAYED COATINGS
DEPOSITED IN DIFFERENT ATMOSPHERES (6)

Tensile Modulus
Atmos- Density, () Strength, of Rupture,

Coating phere percent psi psi
. Argon 86 5,600 —
BLominem Air 76 4,000 .
Stainless Argon 9 3131,/9.60 =
Steel Air 84 19,200 =

Argon 90 = 51,000

Kopgaton Air 86 - 29,000

(a) Density expressed as a percentage of theoretical value.

Plasma-arc spraying in an argon-atmosphere chamber gives
even better results than using a protective shroud of the same gas.
Suitable spray chambers, made with double walls to permit water
cooling during service, can be evacuated to pressures of 10~* mmof Hg.
After evacuation, the chamber is back filled with an inert gas to
atmospheric pressure before spraying. Table V shows that such
practices produce better bond strengths than spraying in.air under
a shroud of argon gas. When gas shrouding was employed, the average
strength of the bond between the titanium coating and the tungsten
substrate was 3940 psi. The average bond strength for specimens
sprayed in a chamber filled with argon was at least 690C psi. Since
some bonds were stronger than that value, tensile failures sometimes
occurred in the epoxy cement used to fasten the coated specimens to
the tabs used for gripping.

Table VI shows that spraying in a chamber can even remove
most of the oxygen, nitrogen, and hydrogen originally present in
titanium powder material. It is generally believed that spraying
in a truly protective atmosphere will not only improve the apparent
density and bond strength, but also reduce the average pore size of
a coating deposited under otherwise similar conditions.
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TABLE V. BOND STRENGTHS OF TITANIUM-COATED TUNGSTEN SUBSTRATES
PRODUCED BY PLASMA SPRAYING WITH TWO TYPES OF PROTECTIVE

ATMOSPHERES
Gas-Shroud Protection Argon Chamber Protection
Bond Strength, Tyve of Bond Strength, Type of
psi Failure (3) psi Failure ()
4170 I 6750 I
4180 I 6500 I
3160 RI 7280 E
4170 RI 6670 E
3740 RI 6800 E
4200 RI 7400 E
Average 3940 *420 6900 +360
(a) Type of Failure: I, at substrate interface

RI, random to substrate interface
E, failure in the epoxy adhesive

TABLE VI. EFFECT OF SPRAYING IN ARGON-FILLED CHAMBER
ON CONTAMINANTS IN TITANIUM POWDER

Material Oxygen, Hydrogen, Nitrogen,
Condition ppm ppm ppm
As received 2872 630 1485
As sprayed 1in
inert atmosphere 892 357 S
chamber
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1.1.2,2 Electric=Arc Spray

A common technique for electric-arc spraying of metals or
other conductive materials is illustrated by Figure 7. Two wires
or rods of the material to be deposited are fed through electrical
contacts to form the positive and negative electrodes connected to
a source of direct-current power. When the wires form a sufficiently
narrow gap, an arc forms and temperatures in excess of 10,000 F are
attained at the tips of the electrodes. As the consumable electrodes
melt, the liquid drops are atomized and carried to the substrate by
a blast of compressed air or inert gas. By using electrode wires
of different compositions, this type of electric-arc spraying is
capable of depositing alloy coatings.

The electric-arc spraying method is less versatile than
the plasma-arc process because it is applicable only for materials
with adequately high electrical conductivity.The lower working tem-
perature and lower particle velocities result in coatings with
poorer characteristics than those applied by plasma spraying. Since
oxidation is less of a problem and working temperatures are higher,
electric-arc spraying offers a slicht advantage over flame spraying
by the powder, rod, or wire gas combustion methods.

INSULATED REFLECTOR SUBSTRATE
HOUSING PLATE
\ SPRAYED
/ MATERIAL
WIRE ] WIRE GUIDE
\37 ' b — ARC
POINT
AIR > 3 —
e NOZZLE
WIRE i

FIGURE 7. SCHEMATIC OF TYPICAL ELECTRIC ARC SPRAY DEVICE
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1.1.2.3 Transferred~Arc Devosition

The transferred arc deposition process, used for depositing
welded overlays, is mentioned here hecause it bears some similarities
to plasma-arc spraying. In transferred-arc processes the discharge
of electrical current occurs between the electrode and the work-
piece. Since most of the heat is delivered by the arc, rather than
by the plasma as in the plasma-arc spraying process, the method 1is
called the transferred-arc deposition process.

As indicated in Figure 8, the substrate is connected to the
positive side of the electrical circuit. 1In that respect, it differs
from the plasma-arc spraying method which requires no electrical lead
to the substrate or workpiece. In both cases, the tungsten-alloy
nonconsumable electrode forms the negative (cathode) electrode. 1In
the transferred-arc process, the arc to the workpiece heats and
melts material near the surface of the substrate. The material
needed to form the overlay is added to the molten pool of substrate
material by a filler wire, or as shown in Figure 8, by sprayed powder.

Applications of the transferred-arc deposition process are
limited to electrically conductive workpieces. There are other
serious limitations. Since the arc extends to the workpiece to
form a molten pool, great care must be taken to avoid undesirably
high substrate temperatures and excessive dilution of the coating.
By precise control of the arc current, the transferred-arc deposi-
tion process can deposit 0.015-in.-thick o. thicker coatings while
holding the depth of substrate melting and coating dilution to,
respectively, 0.007 in. and 6 percent.

Fully automated versions of the transferred-arc deposition

system have the following capabilities:

Width of a one-pass deposit - 0.05 to 1-1/4 inch

Thickness of a one-pass deposit - 0.010 to 0.25 inch

Deposition rates = up to 15 lb/hr .
The transferred-arc process is suitable for depositing relatively
heavy coatings on substrates which can tolerate some metallurgical
damage and distortion. The characteristic melting of the surface

material results in a smooth coating and an unusually strong bond
between the deposit and the substrate.

1.12.3 Process and Equipment Comparisons

All thermal spray processes can deposit coatings with a
wide range of characteristics, depending on the operating conditions
employed. Therefore, the information listed in Tables VII and VIII
are only rough generalizations. For instance, the rise in tempera-
ture during processing varies considerably with the mass of the sub-
strate, coating thickness, deposition rate, materials involved, and,
especially, the precautions taken to control temperatures.
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FIGURE 8. SCHEMATIC OF TRANSFERRED ARC DEPOSITION PROCESS
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Table VII indicates that flame spraying equipment fueled
with oxygen and acetylene 1is considerably less expensive than equip-
ment based on arc or plasma heating. It also shows that the two-wire
electric-arc and wire flame-spray processes are used to deposit
coatings at much faster rates than the other methods.

Table VIII gives some estimates of the relative costs of
depositing coatings by six thermal spray methods. The data avail-
able on the detonation-gun spray method were insufficient to include
that process in the comparison. The estimates in Table VIII indi-
cate that, for equal operating periods, the plasma-arc and trans-
ferred-arc methods are the most expensive of the processes considered.

Other factors influencing the selection of the thermal-spray
process are sometimes more important than those listed in the table.
Many desirable coatings have to be sprayed under conditions which
will not cause contamination. The ease of doing so is a big advan-
tage for the plasma-arc and detonation processes. The same processes
are capable of higher spray temperatures and spray-particle velo-
cities. Proper control of those features results in stronger bonds
and more appropriate densities. For all of those reasons, and some
mentioned earlier, Plasma Spraying and Gun Detonation methods are
the only processes considered suitable for most severe service
applications of interest to the U.S. Navy.

S 0 N
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SECTION IT

2. COATING DESIGN CRITERIA FOR ENGINEERING APPLICATIONS

2.1 COATING SELECTION

The selection of a coating for a specific end use is not,
as it may seem, a matter of simply choosing a coating material
with certain desired properties, for application to base material.
Rather, the selection of the coating material should be approached
as a design problem, taking into account such factors as the func-
tion the coating is to perform, the conditions under which it will
be operating, and the physical and chemical properties of both the
coating material and the base material. Careful evaluation of
these factors may indicate the need for a graded or composite coat-
ing and will have a bearing on the coating application technique
to be used. Final selection of the coating must be based on care-
ful testing and evaluation of a suitable number of test specimens.

The selection of a coating for a new application is far
more complex than selecting structural materials produced and fab-
ricated by more conventional processes. In those cases, the
physical and mechanical properties of the work piece material are
well enough established that service performance is reasonably
predictable. This is far less true of thermally sprayed coatings
because the process affects the characteristics of the material
deposited. Probahly because of the difficulty of testing, rela-
tively little information on proverties of sprayed coatings is
available. It is universally accepted, however, that the proper-
ties of sprayed coatings may be appreciably different from those
expected of the powder-feed material in the virgin condition and
tested in larger sections.

The properties of the deposit can be affected by various
parameters of the spraying process. Xuijpers and Zaat, for example,
showed that molybdenum will absorb some oxygen and nitroaen during
plasma spraying, with argon arc gas, in an air atmosphere.(7) In
their experiments, the oxygen content of the deposit increased
from 0.5 percent to 2.5 percent as the nozzle-to-substrate distance
increased from 2 to 8 in. Because the spray particles are quenched
so quickly by contact with the cold substrate, the microstructural
characteristics are quite different from bulky specimens of molyb-
denum. The compositional ranges for homogeneous solid solutions
are much wider and the grain sizes are smaller. Those effects in-
fluence microhardness and can be appreciable. Microhardness
measurements showed that the hardness of the molybdenum coating
varied from approximately 660 Vickers at the bond interface to
360 Vickers at a distance of 0.007 in. from the substrate. Similar
variations in microhardness of the plasma-sprayed molybdenum coat-
ings were found to be associated with differences in the thermo-

physical properties of the substrate. For example, faster quenching
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of molybdenum droplets associated with thinner deposits on a silver
substrate resulted in twice the hardness of coatings on alumina
substrates.

For such reasons and because of the critical nature of
Naval Ordnance Equipment, it is recommended that performance in
full scale or simulative tests be used as the primary criterion
for validating the selection of a thermally spraved coating for a
specific application. That recommendation is not unusual; it
resembles the practice commonly followed for novel processes, com-
ponents, or equipment before using them in critical applications.
That practice, of full-scale coating evaluation, is followed by
aircraft engine manufacturers, the main users of plasma-sprayed
coatings.

Regardless of the specific function a coating is intended
to perform, the total operating environment should be considered
when choosing a candidate material. For instance, thouagh the pri-
mary function of a particular coating may be wear protection, it
must be considered whether that coating will be subjected to ex~
cessively high (or low) temperatures or whether it will be exposed
to any corrosive media. In selecting materials for thermal protec-
tion, questions of corrosive environments and exposure to abrasion
or impact must be addressed. Definition of the total operating
environment is essential for successful coating performance.

Selection of a coating material must be based not only on
its properties as related to its end use and service environment,
but on factors related to its compatibility with the substrate as
well. Probably the most important such factor is the relationship
between the respective coefficients of thermal expansion (CTE) of
the coating material and the substrate. Larger differences in
thermal coefficients of expansion cause higher stresses between
the substrate and coating. Although they can be minimized by
proper preheating or temperature control, and by using bonding
coats with intermediate properties, it is good practice to employ
coatings with thermal-expansion coefficients close to that of the
substrate if other characteristics are approximately equal.

2.1.1 = Coating Functions

The versatility of the plasma-arc spraying process permits
it to be used for depositing over 200 different materials. Coat-
ings of metals, alloys, oxides, and other compounds, either singly
or in combination, have been used to solve many material problems.
Some of the applications are suggested in Table IX and types of
coatings used for specific purposes are identified in Table X.

26




TABLE IX. SOME APPLICATIONS OF PLASMA-ARC DEPOSITS

Anti-Wetting (stop offs) Nuclear Moderator
Catalyst Nuclear Shielding
Corrosion Resistance Oxidation Protection
Electrical Conductivity Parting Agents
Electrical Resistance Salvage
Electromagnetic Shielding Thermal Barrier
Emissivity Wear Erosion
Fabrication of Freestanding Shapes Wear Fretting

Wear Friction

For Naval Ordnance application, plasma-spraved coatings
are of interest mainly for the following purposes: (1) thermal
protection, (2) wear resistance, (3) corrosion protection,

(4) electrical insulation or conduction, or (5) salvage. Some
materials have suitable properties to permit use in several of
these classifications. However, there are instances where a com-
bination of materials must be used to achieve a particular property.
The design of a coating for a given application should begin with
the consideration of those materials whose properties are known to
be useful within the desired range of temperature, hardness, elec-
trical resistivity, etc. It is then necessary to take into account
those factors, such as thermal expansion or conductivity, suscep-
tibility to oxidation or reduction, electrical properties, etc.,
which would make them unsuitable for the application at hand.

2.1.1.1 Thermal Barrier

The prime requisite for a thermal barrier coating 1s a
high melting point. This is not, however, the only requirement.
Low thermal conductivity and a1igh resistance to thermal shock are
needed as well. Zirconium oxide and alumina are probably the most
commonly used thermal barrier materials, though this class of mate-
rials could include most of the refractory metal oxides.

The approximate melting points of some thermal insulators
and metal oxides are listed in Table XI. Table XII lists the
coefficients of thermal expansion of some materials that may be of
interest as substrates or bond coats. The table also lists thermal-
conductivity coefficients for bulk (solid) samples of metals, but
none were found for thermal barriers except the one shown for
magnesia. There is little doubt, however, that the oxides have
thermal conductivity values much lower than any of the metals.
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TABLE X.

THERMAL SPRAY COATINGS APPLICATION AND USE

Service Deposition
Requirement Coating Material Method*
Bond Coatings Nickel Aluminum (95:5) P/A; P-F/S

Nickel Aluminum (80:20) P/A; P-F/S
Nickel Aluminum (83:17) W-F/S
Molybdenum P/A; W-F/S
Clearance Control
Abradable Nickel Graphite (85:15) P-F/S
Nickel Graphite (75:25) P-F/S
Aluminum (99.0%+) P/A
Silicon Aluminum (12Si) P/A
Silver Copper Zinc Alloy W/F/S
Abrasive Aluminum Titania P/A
Cermet (Al,0: + NiAl) P/A
Salvage and Nickel Chromium P/A; W-F/S
Repair Nickel Chromium Aluminum P/A; P-F/S
Nickel Aluminum P/A; P-F/S
Environmental FeCr Alloy P/A
Zirconia P/A
Aluminum E/A
Instrumen- Nickel Chromium Alloy W-F/S
tation Nickel Aluminum (83:17) W-F/S
Nickel Aluminum (95:5) P/A
Nickel Chromium Silicon Boron Alloy P/A
Alumina R-F/S
Fretting Tungsten Carbide + Cobalt (88:12) P/A
and Wear Tungsten Carbide + Cobalt (85:15) D-Gun
Protection Titanium Carbide P/A
Chromium Carbide + Nichrome P/A
Molybdenum wW-F/S; P/A
Copper Nickel Alloy P/A
Copper Nickel Indium Alloy P/A
Nickel Silicon Boron Alloy P/A
Chromium Silicon Molybdenum Cobalt Alloy P/A
Cobalt Chromium Nickel Tungsten Alloy P/A
Special Purpose
Sacrificial Molybdenum W-F/S; P/A
Component : ; .
Balance Nickel Aluminum (95:5) P/A
Speed o
Sensors Nickel Iron Alloy (Mu Metal) P/A

* Pp/A - Plasma

Spray; R-F/S - Rod-Flame Spray; E/A - Electric Arc;

D-Gun - Deton

Arc; W-F/S - Wire-Flame Spray; P-F/S - Powder-Flame

ation Flame Spray.
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TABLE XII. THERMAL AND ELECTRICAL CHARACTERISTICS OF SOME
METALS MEASURED ON SOLID SPECIMENS AT
TEMPERATURES BETWEEN 65 AND 210 F(8)
Coefficient
Electrical Thermal of Thermal
Material Resistance (@) conductivity(b) Expansion(c)
Aluminum 2.8 0,57 23.8
Aluminum bronze 17210 0118 17.0
Brass, yellow 6.4 0.28 e 0]
Copper (99.5%) e 7 0.93 16.8
Iron 9i. 7 0.20 12503
Magnesia (d) ~ 0.05 -
Manganese bronze 2 = 2200
Molybdenum Shet 0.34 4.9
Nickel 9.5 0.14 14.0
Steel, carbon 14.0 Qg1 18.:0
Steel, stainless 74.0 0135 6.0
Tantalum 125 15 L) 6is 7
Titanium (99%) 5810 0.45 950
Tungsten 8.0 0.38 4.6
(a) Electrical resistance in units of microhms-cm.

(b) Thermal conductivity in units of cal/sec-.-cm.°C.

(c) The unit for coefficient of thermal expansion is the ratio

(1.8°F) to the length at 0 C
(32 F) multiplied by one million.

(d) The thermal conductivities of magnesia and alumina are simi-
lar and about twice the values for CeO and ThO,.

of the change in lenagth ver °C

2.1.1.2 Wear Resistance

Wear-resistant coatings are most often recuired to with-

stand the effects of abrasion.
companied by elevated temperatures,
or associated with the operating environment.

This abrasive wear is usually ac-
either resulting from friction
Often,

wear-resis-

tant coatings are required for applications where impact wear is

encountered or in corrosive environments. Consequently, wear-
resistant coatings, as a class,must be hard, though not brittle,
and possess considerable thermal- and chemical-resistant qualities.
Materials with this combination of properties are generally found
among the carbides and the nickel or cobalt-base alloys. Some
such materials are listed in Table X and as cermets in Table XIII.
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TABLE XIII. SOME MATERIALS THAT CAN BE DEPOSITED
BY THE PLASMA-SPRAY PROCESS (10)

Cermets Plastics
Aluminum oxide - cobalt Chlorinated polyether (Penton)
Aluminum oxide - nickel Epoxies
Aluminum oxide - nickel aluminide Nylon
Magnesia - nickel Polyoxymethylene (Delrin)
Titanium diboride - chromium Polytetrafluoroethylene (Teflon)
Titanium diboride - nickel
Zirconium diboride - chromium
Zirconium diboride - nickel
Zirconia - nickel
Zirconia - nickel aluminide

Among others, Roseberry, Onesto, and Dufrane studied the
friction and wear performance of plasma-sprayed coatings and bush-
ing materials. (9) They found that the plasma-coated components
could be used in hydraulic cylinders to obtain performances expected
by using conventional materials of similar design in the same mode
of operation. Table XIV is a summary of their friction and wear
data. The authors urged that the findings indicated in the table
be treated with caution in trying to interpret them for other slid-
ing applications for the following reasons:

1. The results were obtained from complete hydraulic cylinders,
which prevents a rigorous measurement of friction and wear
because of the possible influences of misalignment and varia-
tions in geometry from component to component in the various
cylinders.

2. Wear performance is strongly influenced by the presence of
lubricants. The tests were all conducted using MIL-F-17111
hydraulic fluid as the lubricant. The use of an alternative
lubricant may alter the performance of the variouz combina-
tions, while operation with no lubricant would probably in-
validate the results completely.

3. The extension of any wear data from one sliding application
to another is valid only if the same wear mechanism is main-
tained. Dramatic performance differences are experienced
when the combination of sliding speed, contact pressure, at-
mosphere, and temperature result in operation in a different
wear regime.
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TABLE XIV. PERFORMANCE SUMMARY OF CYLINDER ROD COATINGS AND
BUSHING MATERIALS FOR USE IN HYDRAULIC CYLINDERS (9)

Sintered
Cylinder Iron Stainless
Rod (Conven- Steel K-Monel Aluminum Steel Aluminum

Coating tional) (1020) (Monel 500) Bronze (Type 316) (6061)
Al1,0,4-TiO, A ¢ £ A a B2
Cr;04 A A A B2 C B2
Nichrome Bl (@ (& (& (& C
Molybdenum (& Bl,2 C B, 2 Bl,2 €

Key: A - Recommended combination
B - Not recommended hecause of (1) high friction, and/or
(2) high bushing wear
C - Not evaluated.

Other conclusions based on the friction and wear results
are as follows:

1. The wear of the plasma-spraved coatings was negligible in all
cases, which is similar to the results obtained with the con-
ventional steel shafts.

2. The two ceramic plasma-sprayed coatings resulted in superior
friction and wear performance compared with the two metallic
coatings.

3. Bonding between the plasma-sprayed coatings and the various
shaft materials was satisfactory; no instances of blistering
or peeling were observed. (Spraying parameters are described
in data sheets included in this handbook.)

4. Aluminum and stainless steel bushings experience high wear
rates and appear unacceptable in a cylinder-bushing
application.

5. The plasma-sprayed coatings were unaffected by the ASTM salt-
fog test.

The following conclusion was drawn from the results regard-
- ing the performance of organic fillers to seal the porosity in the
plasma-sprayed coatings:

Loctite 290 sealer, a low-viscosity, single-component poly-
ester-type resin which penetrated open porosity by means of
capillary action, acts as an effective sealant in both
hydraulic oil and air applications. Surface porosity
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observed after grinding is apparently due to the exposure

of totally closed pores, which no sealant will penetrate.

A post-finishing treatment with a surface sealant, such as
Epon 828 epoxy provides an improved surface.

Van Wyk conducted preliminary friction and wear studies
of plasma-sprayed coatings for bearings. (11) The laboratory
screening tests were made with a silicon-nitride slider in contact
with various ceramic coatings on titanium. Those studies and
tests on plain spherical bearings showed some promise, but it was
concluded that further development is required.

Truskov concluded that properly applied coatings of
bronze, sprayed in an argon atmosphere, are suitable for some anti-
friction applications.(1 )  Nevertheless, the bond strengths he
reported, in the range of 1300 to 2000 bsi, seem low.

Levy and Morossi investigated the fatigue and erosion
resistance of hard-faced titanium alloys.(13) Erosion tests with
sand ranked the coatings in the following order of decreasing wear
resistance:

Titanium carbonitride, over a nickel bonding coat

Boron carbide

Chromium overlay on a diffusion-bonded nickel undercoat
Plasma-sprayed boron .

All of the specimens had fatigue strengths 20 to 80 percent lower
than the untreated titanium allov, but shot peening was said to
confer some benefits.

In 1975, Preece and his coworkers started a fundamental
study on the mechanisms of the deterioration of plasma-sprayed

coatings by erosion and corrosion. (14} Most of the effort since
then has been concentrated on two simple coatings, alumina and
aluminum, sprayed on steel substrates. Although some cavitation

tests were made, data are scanty bhecause the effort was concen-
trated on characterization of coatings.

2.1.1.3 Corrosion Protection

Selection of materials for corrosion protective coatings
is probably the most complex coating design task. The combinations
of temperature, environment, and the various modes of corrosion
mechanisms possible under a given set of operating conditions
impose stringent requirements on candidate materials. Corrosive
environments may be either aqueous or gaseous and can span a wide
range of temperatures. In some cases, gaseous products such as
exhaust fumes or uncombusted fuel gases react with water under
the proper temperature conditions (e.g., marine turbines) to pro-

vide a very complex corrosive environment. Basically, there are
three classes of corrosion protection mechanisms. These are
(a) exclusion of the corrosive environment, (b) electrolytic
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protection, and (c) inhibition of corrosive action. The first
mechanism is dependent on producing a coating that is impermeable
to the corrosive medium and does not react with it. The second
corrosion-protecting mechanism makes use of the properties of the
base material and candidate coating material and requires a
knowledge of their relative positions in the electromotive series.
Choice of the proper coating material will determine whether the
coating is anodic or cathodic to the base material and to what
degree. An improper coating-substrate combination can result in
a galvanic effect which could aggravate the corrosion process.

Table XV gives the electromotive series for some pure
elements. It may be a rough guide even though the potentials
vary for alloys of the elements. In general, any metal will
react with a salt to replace a metal below it in the series, e.g.,

Mg + FeSO, -+ MgSO, + Fe

Metals above hydrogen in the table will react with HCl or dilute
H;,S0, to replace the hydrogen, e.g.,

Fe + H,S0, » FeSO4 + H,

The voltage of a galvanic couple depends on the difference between
the standard electrode potentials of the metals involved. For ex-
ample, a zinc-copper couple generates a larger electromotive force
than the iron-copper couple. In general, the electromotive series
seems to fit the simple“theories of rusting or oxidation of metals
in air and of reactions with steam to liberate hydrogen.

Some protection can also be obtained by using a chemical
corrosion inhibitor as a sealer for a sprayed coating. ~ For this
approach, the porous sprayed coating is impregnated with a corro-
sion-inhibiting primer or filled with an inorganic sealer. This
may permit the use of a thinner coating than would be needed to
exclude completely the corrosive environment. The choice of a
corrosion-protective coating material must be made in light of in-
formation about the conditions the coating will have to endure.

In some instances a corrosion-resistant metal may be applied, in
others, perhaps a ceramic oxide may be required.

Calabrese and Coda demonstrated the importance of prevent-
ing substrate corrosion under hard coatings used in aggressive en-
vironments. (15) They found that corrosion occurred in the sub-
strate, during storage for several months, after a shaft had been
tested as a component in steam-lubricated bearings. The substrate
contained chromium and carbides. The corrosion was attributed to
coating porosity sufficient to trap some of the water condensate.

A short investigation on twelve types of coated specimens supported
that explanation. The study also showed that corrosion could be
minimized by using a corrosion-resistant, dense bond coating adher-
ent to both the substrate and the hard coating.
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TABLE XV. PARTIAL SERIES OF THE ELEMENTS ARRANGED
IN ORDER OF THEIR ELECTROMOTIVE FORCES (a) (16)

Electrode
Element Ion Potential
Magnesium ++ +2.40
Aluminum +++ +1 .76
Manganese ++ Flit0
Zinc ++ +0. 76
Chromium ++ +0. 56
Iron ++ +0.44
Cobalt ++ 028
Nickel ++ +0.23
Fron +++ +@.. 05
Hydrogen + 0.00
Copper ++ -0.34
Copper + =047
Palladium ++ <082
Platinum -0.86
Gold + =145

(a) Standard electrode potentials at 77 F.

2.1.1.4 Electrical Insulation or Conduction

Plasma-sprayed coatings are sometimes used as electrical
conductors; printed circuits and contacts for certain types of
furnace heating elements are examples. Coatings of oxides or
organic plastics are sometimes applied to provide electrical insul-
ation or as dielectrics. Although the electrical properties of
the materials may be affected by plasma spraying, it is common
practice to choose the materials on the basis of their known pro-
perties and service conditions. Then the success of the plasma-
sprayed insulators or conductors is verified before the material
and process conditions are adopted for production.
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2.1.1.5 Salvage

Plasma spraying is often used to restore the dimensions
specified for a particular component. The salvage operation may
be desirable for parts inadvertently machined to the wrong dimen-
sions or for parts worn or corroded in service. In the first type
of application, the material to be deposited by flame spraying is
usually identical or similar to the base material. Corroded or
worn parts are usually machined to a suitably smooth finish, grit
blasted, and then coated. Depending on service requirements, the
coatings may be of the wear-resistant, corrosion-resistant, or
friction-reducing tvpes, or similar to the material in the substrate.
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SECTION III

3 SURFACE PREPARATION

3.1 GENERAL CONSIDERATIONS

This section of the Handbook 1is important because over
half the failures in thermal sprayed coatings is traceable to im-
proper surface preparation. Regardless of the type of intended
use of a plasma-sprayed deposit, a coating is effective only as
long as it remains firmly attached toc the base material. The
quality of adherence, or the bond between the coating and sub-
strate, is directly related to the cleanliness and roughness of
the base material and to its chemical affinity to the coating.
A thorough understanding of, and careful attention to, the details
involved in preparing a surface to accept a plasma-sprayed coat-
ing will enhance the chances for successful coating. In order to
appreciate the necessity for proper surface preparation, one
should be familiar with the mechanics of coating-to-substrate
adhesion and the factors by which 1t 1s influenced.

o | Bonding Mechanisms

There is no universally acceptable description of the
mechanism of bonding between a substrate and a thermal-spray
coating.

One school of thought holds thac the bond is exclusively
or mainly mechanical and results from sprayed particles interlock-
ing with the roughened surface of the substrate or the peaks and
valleys of previously sprayed coating material. The importance
of mechanical bonding is supported by experience that surface
roughening is usually necessary for achieving useful bonds between
most plasma-sprayed coatings and substrates.

The main alternative explanation is that bonding results
primarily from solid-state reactions. That is, a small degree of
diffusion occurs between the sprayed particles and the extremely
thin peaks on the roughened substrate. The existence and quality
of that type of bond depend on some mutual solubility of the
coating and substrate materials. Even for the most favorable con-
ditions, however, solidification and cooling times are too short
to allow diffusion reactions to form a measurably thick metallurg-
ical bond.

Van der Waals forces, which cause mutual attraction and
cohesion between two clean surfaces in close contact, are also
believed to provide some bond strength under certain conditions.
That type of bonding accounts for the adhesion of the "silver"
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layer on glass mirrors with smooth surfaces. Regardless of the
bonding mechanism, an appropriate surface texture should improve
bond strength, because the true surface area is always larger than
the apparent (projected) surface area.

With the current state of knowledge, it seems safest to
assume that coating-to-substrate bonding results from a combina-
tion of physical, mechanical, and chemical factors. Presumably
the relative importance of the various bonding mechanisms varies
for different combinations of coatings and substrates and with
processing parameters.

3<E.2 Coating Stresses

Stresses high enough to crack the substrate can form from
rapid heating produced by the impact of plasma-sprayed particles,
or in subsequent rapid cooling. In spraying zirconia on tungsten
bond coats, the cracks apparently form during the instant of spray-
ing, because the cracks are sometimes filled with the coating
material.

However, the biggest factor working against good coating
adherence is the stress produced by shrinkage of the sprayed coat-
ing as it cools. These stresses increase as the coating thickness
is increased, putting the coating under increasing tension and
ultimately resulting in the coating cracking or breaking free of
the substrate. The differences in thermal contraction and expan-
sion that cause the stresses can be reduced to some extent by sub-
strate temperature control, but are hest dealt with by proper
substrate preparation, which serves to localize the stresses and
limit shrinkage strains. 1In some cases proper temperature control
results 1in stresses that can measurably improve the apparent bond
strength. This is most likely to happen in coatings deposited on
cylindrical rods or shafts.

3.2 CLEANING

Attaining a suitable bond depends, among other factors,
on an intimate contact between the sprayed particles and a clean
substrate with an adequately roughened surface. The first step
in preparing a workpiece for thermal spraying is to remove all
surface contaminants such as scale, grease, and paint.

Vapor degreasing is the most economical and efficient
method of removing most surface contaminants such as greases, dust,
and body oils deposited during handling. In some cases, vapor de-
greasing is precluded because the part is too large or is attached

to another component, e.g., armature with windings. In such cases,
the area to be coated should be cleaned by hand with a solvent
that leaves no residue. Although expensive, "Freon" is recommended

for such operations, because it leaves little or no residue and
minimizes health and safety hazards associated with other solvents.
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0il and other contaminants which have infiltrated the
surface of porous materials, such as cast iron, can be removed by
heating. The temperature should be high enough to vaporize them
and above the temperature the substrate will reach in spraying.
Otherwise, bleeding or vaporization will occur during spraying.

If a workpiece is covered with scale from heat treating,
or rust, 1t should be cleaned by abrasive blasting with sand or
metal grit. The same treatment should be used for workpieces
heated to remove infiltrated contaminants because they are likely
to contain hard deposits after baking. The blasting operations
should be conducted in equipment other than the unit assigned for
use in preparing substrates for plasma spraying. That practice
should be followed to prevent contamination of blasting media used
for coating preparation. The parts should then be reblasted to a
suitable surface roughness in the unit used for preparing substrates.

3.3 SURFACE ROUGHENING

After cleaning, one of several methods or combinations of
methods should be used to produce a substrate to which a sprayed
coating will adhere. The principal methods are (a) bond coating,
(b) grit blasting, and (c¢) macro-rouchening. To achieve an opti-
mum surface for bonding, combinations of those methods are sometimes
employed, such as bond coating and grit blasting, or machine rough-
ening followed by grit blasting. Recent investigations indicate
that shot peening before grit blasting offers advantages in some
cases.

3.3 1 Bond Coating

Certain metals are able to adhere to a clean, smooth sur-
face at moderate spray temperatures without the need for prior
surface treatment. These bonding coat materials form strong coat-
ing-to-substrate bonds and are generally adherent over a wide range
of conditions. For best results, however, it is desirable to grit
blast the substrate before applying the bond, or intermediate coat-
ing, by plasma spraying. Bonding coats are extremely useful be-
cause a thin layer of one of these materials applied to a clean,
smooth substrate can serve as a bond-enhancing subcoat for subse-
quently applied layers of other spray materials. Furthermore, a
bonding coating applied to a arit-blasted surface will appreciably
increase the bond strength of materials sprayed over it as com-
pared to bond strengths of those materials applied to a grit-
blasted surface without a bond coat.

Molybdenum is a commonly used bonding coat material;
other materials with suitable properties, though not much used,
are columbium and tantalum. Also very widely used is a commer-
cially available nickel-aluminum composite which, when sprayed,
undergoes an exothermic reaction to produce a nickel aluminide.
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Certain general considerations should be observed in us-
ing a bond coat. Primarily, the decision to use a bond coat must
take into account the conditions under which the coating will be
used, in terms of temperatures or corrosive media. Molybdenum,
for example, has poor oxidation resistance and would not be suit-
able for use in air at elevated temperatures. Nickel-aluminide
is susceptible to corrosion in aqueous salt solutions.

The use of a self-bonding subcoat also limits the thick-
ness of the coatings which may be applied, in that the surface it
provides is generally not rough enough to absorb the shrinkage
stresses produced by a thick coating. The bonding coat should be
applied just thick enough to cover the substrate, usually no more
than 0.002 to 0.004 inch thick. There is no advantage to spraying
a heavy layer of bonding coat.

The selection of a bond coating is influenced by the com-
position of the substrate and the temperature the sprayed component
will reach in subsequent processing or service. 1t is desirable
that the elements in the bond coating be soluble in the matrix
material of the substrate. The apnroximate maximum temperature
limits for several commonly used bond coatings are:

Molybdenum 600 F 315 ¢
80Ni-20A1 1150 B 620 C
95.5N1~-4.5A1 1600 F 870 C
80Ni-20Cr 2300 F 1260 C

The NiCr Material is superior to the other bond coatings from the
standpoint of resisting thermal shock.

Jada Abrasive Blasting

Abrasive blasting is the most common method employed for
roughening the substrate, after the workpiece is cleaned and/or
shot peened, prior to plasma spraying. Abrasive blasting is accom-
plished by directing a stream containing abrasive particles against
the surface of the substrate. The operation is conducted in order
to remove surface contaminants such as oxide films or scale and to
develop a surface finish suitable for bonding.

Abrasive particles used for blasting are classified as
grit, sand, or shot. Grit consists of angular particles of steel,
cast iron, malleable iron, or "sand", usually produced by crushing.
The term sand is applied to many nonmetallic materials in addition
to silica. Alumina, silicon carbide, pumice, and garnet are used
for grit or sand blasting. Shot is made of the same metallic mate-
rials used for grit, but usually consists of roughly spherical or
rounded particles. Some shot is made by cutting steel or aluminum
wire and becomes more spherical during use.
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Several types of equipment are used to propel abrasive
particles in wet and dry blasting operations.
is recommended for preparing surfaces for plasma spray coating.
The operation is conducted with air blasting machines which force

the abrasive particles through a nozzle with compressed air.

Dry grit blasting

Air-

blast devices are more economical than mechanical equipment for
processing small quantities of parts and for intermittent

operations.

Fa3a2 .0

Grit Blasting

Manually controlled air blasting equipment is more con-
venient to use on small objects and is recommended for preparing

surfaces to be thermal sprayed.

Dry grit blasting operations are

usually conducted in a cabinet that confines the abrasive dust,
and houses the propelling mechanism and a suitable work-holding
The equipment is available in a variety of

device or platform.
sizes.

device schematically.

Figure 9 illustrates a common pressure type air-blasting
The grit is fed from a pressurized hopper

to the stream of compressed, dry air and carried to the nozzle

through a flexible hose.

Ficure 10 illustrates the principle em-

ployed in suction-type blasters to introduce the grit into the
stream of pressurized air just ahead of the spray nozzle.

COMPRESSED AlR—of= ,_E.@;‘%

BLAST HOSE

L
SIVE"

o~ J.

r

r
J &

e B
COMPRESSED A|R7

FIGURE 9.

SCHEMATIC ILLUSTRATING PRINCIPLE OF A
COMMON TYPE OF AIR BLASTING DEVICE
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COMPRESSED AIR

— ABRASIVE

FIGURE 10. SKETCH ILLUSTRATING THE PRINCIPLE USED IN
A SUCTION-TYPE AIR-BLASTING SYSTEM

Some commercially available equipment permits conducting
air-blasting operations, particularly on large components, without
a cabinet-type enclosure. During blasting, the device collects
and removes the spent grit and dust by suction like a vacuum
sweeper, as suggested by Figure 1ll1. To do so, the blasting nozzle
and its hose are surrounded by a flexible tube connected to a strong
exhaust system. The suction hose is partially sealed to the sur-
face of the workpiece, around the blasting nozzle, by a brush or
flexible plastic cup. Although the method is comparatively slow
and expensive, the approach is useful for grit blasting components
too large to move or to fit into the cabinet available.

FIGURE 11. SCHEMATIC ILLUSTRATING PRINCIPLE OF AN AIR BLASTING
SYSTEM THAT CAN BE EMPLOYED WITHOUT THE CABINET
ORDINARILY USED TO CONFINE THE GRIT AND puST(17)
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Objects destined to be plasma sprayed should be grit
blasted in units used only for that purpose. Blasting cabinets,
and contaminated air lines, employed for abrasive blast cleaning
of oily, rusty, or painted parts can produce surfaces unsuitable
for plasma sSpraying. A blaster used for general purposes can be
converted by thorough cleaning of the cabinet, replacing the abra-
sive, and putting in new air lines. The inside of the cabinet
should be abrasive blasted and wiped with a solvent.

Grit blast nozzles erode gquite rapidly even though they
are made from hard cast iron, tungsten carbide, boron nitride, or

alumina. A steel nozzle lined with boron carbide is usually a
good choice, despite its higher cost, because it gives a much
longer life. Because it wears more slowly, it saves air and pro-

vides more uniform spray patterns and particle velocities for a
longer time than less-durable nozzles. A nozzle should be replaced
when the outlet area has increased about 40 percent. In general,
a nozzie used for air blasting metal grit will last about three
times as long as one used with sand.

For reasons of safety, the carrier hose on blasting
equipment should be inspected frequently and replaced when neces-
sary. Hoses are most susceptible to wear at bends. The bending
radil should be as generous as practical.

The effects of grit blasting depend on process parameters,
of which size and type of abrasive, particle velocity, air pressure,
blast angle, and blasting time are the most important.

The force of the impact of a single blasting particle
depends on its change in momentum and with the mass and velocity
of the particle. Smaller abrasive particles result in sprays giv-
ing more uniform coveraage of the surface and smoother finishes.
Heavier particles and higher velocities favor more rapid removal
of material from the workpiece, as do harder materials. For other-
wise similar conditions, higher air pressures produce slightly
rougher surfaces.

Figure 12, from Golego and Panamarchuk, shows the effect
on surface roughness of variations in spraying time and air pres-
sure. (18) The data were obtained in experiments on air blasting
a titanium alloy containing 2.5 percent aluminum and 2 percent
manganese with corundum grit particles ranging from 0.0013 to
0.0016 inch in size. Although the roughness values shown in the
sketch are not standard AA values, and are presumed to be maximum
peak to valley distances (which are 3.5 AA values), they illus-
trate several points. The graphs show that varying the air pres-
sure for spraying times less than 30 seconds had no effect on
roughness values. After full coverage is attained, continued
blasting at the same pressure and grit size produces no change in
microgeometry or roughness of a workpiece. The data also show
that using higher air pressures for a particular grit size produces
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FIGURE 12.

The authors also showed that the bond

slightly rougher surfaces.

strength of a nickel-base coating, containing carbon, plasma
sprayed to the titanium alloy substrate, varied with the roughness

values identified in Figure 12.

Roughness value, microns 400
Bond strength, psi 1565

The data show that the best bond

The relationship was as follows:

80 1200 1600 2000
1850 2220 1960 1850

strength was associated with the

roughness dimension comparable to three-fourths of the diameter
(1200 microinch on the system used by the Russians or probably

350 AA) of the particles sprayed.

The results seem to support the

natural expectation that there is an optimum roughness value for
good bonding and that the value should be related to the size of

the particles sprayed.
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Grisaffe also concluded that variations in surface rough-
ness of grit blasted surfaces affected bond strengths.(19) His
work, summarized in Table XVI, was conducted on alumina coatings,
plasma sprayed (0.030 inch thick) on 304 stainless steel coatings.
Although the strength values, determined with a nonstandard shear-
ing device, appear low, they illustrate a principle. Within the
ranges in roughness and powder-particle sizes investigated, the
best bond strengths were obtained on substrates with the roughest
surface tried. That surface was reported to have a roughness
value of 280 microinch on the old rms system, which is approxi-
mately 420 microinch on the standard AA system. Other studies
show somewhat similar effects, although the rate of improvement
in bond strength with roughness apparently decreases above
375 microinch.

Smoother finishes must be used when the plasma coating
is very thin, or for substrates that would deform if subjected to
severe grit blasting. Since the roughness of the finish depends
on the size of the grit, abrasives are furnished in different

grades. The following suggestions will serve as a guide.
Grit Size, Sieve openings,
mesh inch Applications
Coarse =10 +30 0.079/0.024 For coatings exceeding
0.010 inch and best
adherence
Medium -14 +40 0.056/0.017 For falir adherence and

smoother finishes of
coatings less than
0.010 inch thick

Fine -30 +80 0.024/0.007 For smoothest finishes
on coatings less than
0.010 inch thick to be
used in as-sprayed
condition.

Even new grit is made up of a range in sizes. Ordinarily, - however,
at least 80 percent of the particles will remain on a screen two
sieve numbers higher than the smallest size mentioned above, e.g.,
80 percent of the grit passing through the No. 14 screen would be
expected to be retained by a No. 25 sieve.

Blocky, angular particles of alumina are the recommended
abrasives for grit blasting substrates to be plasma sprayed.
Silicon carbide grit is also suitable, but is more expensive. A
blasting pressure on the order of 80 psi is normally appropriate
for hard substrates. Lighter pressures should be used for softer
workpieces such as aluminum, copper, their alloys, and bronzes.
That practice will minimize the likelihood of embedding particles
of the grit in the substrate. Dust adhering to the workpiece,
from the grit blasting operation, should be removed by air blasting
or brushing before starting the plasma spraying operation.
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TABLE XVI. BOND STRENGTH DATA FOR ALUMINA COATINGS
PLASMA SPRAYED (28) ONTO STEEL SUBSTRATES
WITH VARIOUS ROUGHNESSES (19)

Median
Powder Size, Surface Roughness, Bond
microinch microinch Strength, (€)

powder (P) Purity Range Median rms (C) AA (d) psi
A 97.5 156/1840 #50 280 420 545
B 98.0 148/1580 350 115 170 20
225 340 390
280 420 440
€ 99.49 292/3280 456 280 420 51.0
D 99.49 136/1520 635 115 170 380
225 340 540
280 420 600

(a) Arc current, 400 amperes; arc voltage, 70 volts; powder feed
rate, 2 lb/hr; torch to substrate distance, 6 in.; arc gas,
100 cu ft dry nitrogen and 15 cu ft hydrogen/hr; nitrogen
carrier gas flow, 10 cu ft/hr.

(b) All powders determined to be 100 percent alpha alumina by
X-ray diffraction.

(c) Roughness values reported in nonstandard rms values.

(d) Roughness values converted to standard values by an
approximation.

(e) Determined by a shearing test.

Typically, nozzle-to-substrate distances of 2 to 6 inches
are used for grit blasting. Variations within that range seem to
have little effect on roughness, but may affect coverage. Impinge-
ment angles near 90° give best results.

There is no dependable formula for predicting the minimum
time needed to produce a grit-blasted surface suitable for plasma
spraying. A suitable blasting time should be established by ex-
periment with the equipment to be used in production and with
specimens comparable to the substrate of interest. The time can
be judged by visual inspection for uniform coverage and surface
texture.
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3.3.2.2 Shot Peening

Peening is a cold working process that deforms the mate-
rial near the surface of the workpiece and creates compressive
stresses in that region. Shot peening, like grit blasting, is
accomplished by a high-velocity stream of metal particles suspended
in compressed air directed at the metal substrate. The impact of
individual particles of shot creates rounded depressions in the
surface and deformation to a depth of 0.005 to 0.010 inch below
the surface of the substrate. Compressive stresses are set up in
the deformed material because it has a larger surface area and is
attached to the unstrained material deeper in the substrate. Con-
trolled, severe peening can produce compressive stresses at the
surface ranging up to half the yield strength of hard metals.

Such residual stresses are desirable when the surface layers will
be subject to tensile stress in subsequent operations or service.
The beneficial effects of compressive residual stresses in bending
fatigue are well known. It has keen established rather recently
that shot peening is also a desirable and beneficial method of
preparing surfaces for plasma-arc spraying.

Data obtained by Bethke of NADC-Warminster on the effects
of surface preparation methods on fatigue properties of high
strength steel, with and without plasma-sprayed coatings, are
presented in Table XVII. (20) The data were obtained on rotating-
beam fatigue specimens (0.250 X 3.42 inch gage length) of 4340
steel, heat treated to 280,000 psi. Precautions were taken during
plasma spraying to avoid heating the substrates above 275 F.
Fatigue tests were made at two stress levels 1n order to determine
the effects of<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>